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ABSTRACT
LATE HOLOCENE CLIMATE CONTROLS ON CARBON DYNAMICS
AT TERINGI BOG, ESTONIA
Kristyn Hill MS
Department of Geology and Environmental Geosciences
Northern Illinois University, 2016
Nathan Stansell, Director

This study examines records of past climate variability and the controls affecting carbon
accumulation rates at Teringi Bog, Estonia (57°58'31.26", 25°33'34.80"E). Analyses of δ13C, δ2H,
δ18O, and deuterium excess (d-excess) from Sphagnum fuscum moss cellulose, δ13C and δ15N from
bulk peat, and δ18O and δ2H from surface waters indicate that carbon accumulation rates are
influenced by changes in the overall amount of precipitation and its seasonality throughout the
Late Holocene. Changes in the depth to the water table were recorded from August, 2014, to
May, 2016, and it was observed that the hydrologic balance is principally driven by fall, winter
and spring precipitation. The summer hydrologic budget is affected by regional draining. Bulk
peat isotopes indicate that high carbon accumulation rates correspond to high δ13C and δ15N
values signifying periods of overall increased wetness. Low δ18Ocellulose values indicate periods of
increased relative winter/summer precipitation and also correspond to periods of high carbon
accumulation rates. D-excess has been utilized in few peat-based paleoclimate studies, but
shows potential to be an indicator of precipitation source. Periods of high d-excess and low δ18O
values (from 4200 to 3800 cal yr BP and from 2500 to 2200 cal yr BP) indicate times of greater
relative winter to summer precipitation, but conditions at the source can also be inferred. The
interval from 4200 cal yr BP show low δ2H values, and the interval beginning at 2500 cal yr BP
shows high δ2H values indicating that the source vapor originated under cooler and more arid
conditions. Comparisons of this study with NAO reconstructions show a relationship between
periods of increased δ13C and positive phases of the NAO, but studies from nearby lakes show
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that the NAO has had variable effects on the region during the Late Holocene. The results of this
study show that periods of increased bog surface wetness and increased winter precipitation are
related to increased carbon accumulation rates, and that those periods correspond to positive
phases of the NAO.
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I.

Introduction

Northern hemisphere peatlands are a major pool of terrestrial carbon, containing approximately
500 gigatons of carbon (GtC) (Kuhry & Vitt, 1996; Charman et al., 2013), making them an important
factor in climate change research. Carbon, in the form of carbon dioxide, is a greenhouse gas which when
released in great quantities, has the potential to affect global climate (Roulet, 2000). As the entire
atmosphere only contains approximately 750 GtC (Siegenthaler & Sarmiento, 1993), the ability of
peatlands to act as a sink of carbon rather than a source is globally important. It is therefore necessary
to understand how peatlands act as a carbon sink as they accumulate organic matter by understanding
what climate parameters control the rate of carbon accumulation in these environments. Peatlands have
been utilized in paleoclimate studies since the turn of the 20th century, but only in the last two decades
have they gained widespread acceptance and use as a robust proxy (Jackson and Charman, 2010). Even
as more research has looked at how peatlands can record climate variability, few studies have looked at
peatlands from a comprehensive standpoint using oxygen, hydrogen, deuterium excess (a metric that
combines both oxygen and hydrogen), carbon, and nitrogen isotopes in conjunction with local hydrology
and seasonal climate parameters (Moschen et al., 2009; Daley et al., 2010). Most have looked at only
one or two isotope systems or on other factors influencing peat growth such as water table fluctuations
(Loisel et al., 2010; Morris and Waddington, 2011; Waddington et al., 2015) or the effect of the amount
of sunlight received (Charman et al., 2013; Loader et al., 2013).
The study of peatlands as a paleoclimate proxy is important as global climate models keep
improving. Climate in high latitudes, where most peatlands are located, is changing more rapidly than in
low latitudes (IPCC, 2014). The relationships between precipitation, temperature, and peatland carbon
accumulation rates (PCAR) are not well understood, and those relationships are needed to better predict
whether northern peatlands will continue to act as a carbon sink by accumulating more organic matter
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faster than organic matter can decay. Estonia is expected to become both warmer and wetter in the
coming years (IPCC, 2014; Jaagus, 2006), so understanding how changes in climate have affected carbon
dynamics in the past can help us better predict how carbon dynamics will respond in the future. Whether
peatlands increase or decrease carbon accumulation rates, either scenario has the potential to lead to
feedback loops (Schuur et al., 2015). Furthermore, Northwest European and Scandinavian peatlands have
been well-studied, but very few studies have taken place in the Baltic region. Filling in these spatial gaps
in data will help improve global climate models.
This study seeks to use a Sphagnum peat core as a record of what climate controls have affected
carbon accumulation at Teringi Bog, Estonia, by combining δ18O, δ2H, d-excess, δ13C, and δ15N isotope
records of surface waters and Sphagnum moss cellulose with water table fluctuations and carbon flux.
The δ18O, δ2H, d-excess values are used to track the change in precipitation source while the δ13C and
δ15N values are used as a record of bog wetness. The use of δ18O and δ13C isotopes is well-established,
but δ2H and d-excess have been less utilized in paleoclimate studies. The hypotheses to be tested are
that climate variations throughout the Late Holocene can be determined using peat from Teringi Bog and
that those climate variations can indicate periods of greater carbon accumulation rates at the site. In
particular, wetter periods and times of greater relative winter to summer precipitation correspond to
positive phases of the NAO, and that those conditions have led to periods of greater carbon accumulation
rates at Teringi.

II.

Background

Peat bogs are water-saturated areas where the rate of plant matter accumulation exceeds
decomposition (Clymo, 1984). There are several different types of wetlands; bogs are different from
other wetlands in that they are acidic (pH of 3-5), and the vegetation is dominated by Sphagnum mosses.
Sphagnum mosses contain stems and branches composed of cellulose ((C6O10H5)n) (Wissel et al., 2008;
Tillman et al., 2010). The isotopic composition of the C, O, and H in the cellulose can be used to infer
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changes in climate as the peat accumulated. Different species of Sphagnum fractionate those isotopes
differently (Tillman et al., 2010).
Ombrotrophic (rain-fed) peat bogs are of particular interest as they are completely dependent
on precipitation for moisture. As such, peat bogs can provide a record of changes in precipitation. A
major control on the rate of peat accumulation, and by extension PCAR, is the water table. In a peat
profile, as illustrated in Figure 1, the material above the water table makes up the acrotelm, an aerobic
layer where decay happens relatively rapidly. The layer below the water table, the catotelm, is anaerobic
and decay occurs at a much slower rate, allowing the peat to accumulate (Kuhry & Vitt, 1996).

Figure 1: Profile of a peat bog. The water table is the boundary between the acrotelm
and the catotelm. In the acrotelm, different Sphagnum species can form
microtopography. The differences in position relative to the water table that different
species occupy causes them to fractionate isotopes differently.
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The growing season of peat is determined by temperature, water availability, and the amount of
photosynthetically active radiation (PAR) (Charman et al., 2013). PAR has been shown in some studies to
be the most important of these factors and refers to the amount of sunlight that Sphagnum mosses can
receive (Charman et al, 2013; Loader et al., 2013). Cloud cover and latitude determine PAR availability.
During the summer months, when the northern hemisphere is tilted toward the sun, peat bogs receive
the highest amount of PAR and able to do the most growing (Charman et al., 2013).
While temperature is not always the most important factor for peat growth, it can affect the
rate of decay. Temperature and hydrology of the system are interconnected, and it cannot always be
determined which is the primary control. Increased temperature can lead to increased evaporation,
lowering the water table and expediting decay (Charman et al., 2013; Yu et al., 2009). It also may lead
to increased microbial activity which can also expedite decay (Charman et al., 2013).

III.

Site Description

Teringi is primarily an ombrotrophic bog in southern Estonia (57°58’33.56”N, 25°33'30.90"E), the
northernmost Baltic state on the eastern shore of the Baltic Sea (see Figure 2). As an ombrotrophic bog,
it is raised from the surrounding area and its local water table height is controlled by a combination of
precipitation and evaporation. Southern Estonia receives the highest amount of precipitation in the
summer and fall; winter months receive the least precipitation. The highest and lowest temperatures do
not directly correspond to the months with the most and least precipitation. August receives the most
rain, but July is the warmest month. Similarly, February receives the least precipitation, but January is
the coldest month (Table 1).
Average precipitation and temperature data from 1982 to 2012 (Table 1) were taken from the
nearby city of Tõrva (Figure 2) indicate that July, August, and September have the highest precipitation
totals with each receiving 68,76, and 70 mm of rain respectively; however, the months of June, October,
November, and December receive 54, 65, 65, and 51 mm of precipitation on average—a maximum
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difference of only 25 mm of monthly precipitation. Only February receives less than 30 mm of
precipitation. Estonia is a humid and wet climate year round. The average annual temperature was 5.3°C,
and the average annual precipitation is 629 mm. The highest monthly precipitation falls in August (76
mm), and the lowest monthly precipitation falls in February (28 mm). The highest monthly temperature
is in July (17°C), and the lowest monthly temperature is in January (6.6°C) (“Climate: Tõrva”, 2012).

Figure 2: Top: Map of northern Europe. Estonia is highlighted in red. Bottom: Teringi Bog is located
near the southern border of Estonia. Tallinn, the capitol city, is located on the northern coast. Both
are indicated with the red dots.
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Table 1

Average monthly precipitation totals and average total, average maximum, and average minimum monthly temperatures from Tõrva, Estonia,
from 1982 to 2012 (“Climate: Tõrva”, 2012).

Month

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Ave. Precip (mm)

40

28

32

35

45

54

68

76

70

65

65

51

Ave. Temp (°C)

-6.6

-6.4

-2.4

4.3

11.0

15.3

17.0

16.0

11.4

6.2

0.8

-3.6

Ave. Min Temp (°C)

-9.2

-9.4

-5.8

0.5

6.2

10.6

12.6

11.8

7.8

3.5

-1.1

-5.9

Ave. Max Temp (°C)

-3.9

-3.3

1.0

8.1

15.8

20.0

21.4

20.2

15.0

9.0

2.8

-1.3
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The climate of Estonia is largely controlled by variations in sea level pressure gradients. The
North Atlantic Oscillation (NAO) has the strongest relationship to climate in Estonia compared to other
modes of variability that affect the region (Jaagus, 2006). The NAO is measured as the difference in sea
surface pressures between the Icelandic Low and Azores High stations. When the gradient is small, the
NAO is in the negative phase. Zonal winds (the westerlies) are weakened and cold, polar air is more easily
able to move south, creating colder and drier winters and variable summers in Estonia. When the gradient
is large, the NAO is in the positive phase. Zonal winds are stronger and keep cold air confined to high
latitudes. The positive phase of the NAO produces warmer and wetter winters and cooler summers in
Estonia (Keevallik et al., 1999; Jaagus, 2006).
Teringi Bog is composed of Sphagnum peat covering an area of approximately 1.04 km2 with
Alatsijärv (Alatsi Lake) on the eastern edge. The western edge of the bog is bordered by spruce forest.
The bog slopes from west to east, losing approximately 3 meters in elevation over the course of
approximately 900 meters in lateral distance. This asymmetric slope indicates that Teringi is not
perfectly ombrotrophic. However, as no streams feed into the bog, it is still primarily ombrotrophic. The
peat extends to a depth of at least 5.5 m. Attempts were made to probe deeper than 5.5 meters but
without success. Whether the peat extends deeper or another type sedimentary deposit such as a
paleosol was encountered is at this time unknown. Regionally, southern Estonia has thick Quaternary till
deposits as a result of multiple advances and retreats of the Scandinavian Ice Sheet underlain by Devonian
Sandstone (Seppä & Poska, 2004; Karukäpp & Raukas, 1997).

IV.

i.

Methods

Field Sampling

Peat cores were collected from Teringi Bog, Estonia during the summer of 2014 and a two-week
field season in May, 2015. Four peat cores were taken along an east-west profile (Figure 3) from near the
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center of the bog (site TR1: 57°58'32.40"N, 25°33'7.68"E) to the edge of a nearby lake, Alatsi (site TR5:
57°58'26.94"N, 25°34'1.20"E) using a Russian corer. A 26-30 cm monolith was cut from the peat before
coring each site. TR1, TR3, and TR4 were cored to a depth of 5 meters beyond the monolith in 10, 50 cm
drives. TR2 was cored 4.2 meters beyond the monolith in 8, 50 cm drives. TR5 was not cored.

Figure 3: Google Earth view of Teringi Bog, Estonia, with each site labeled. The transect between TR1
and TR5 measures 908 m long. The bog slopes toward the lake as TR1 is approximately 100 m
above sea level and TR5 is approximately 97 m above sea level.

Changes in the local water table depths and water temperature were recorded hourly from
August, 2014, to May, 2016, using Leveloggers® installed in slotted PVC wells in August of 2014. The
data were downloaded during the May, 2015 field season. Surface samples as well as samples at depth
of the bog water were collected at each site in August and December of 2014, and May and June of
2015. The data were post-processed and barometric pressure was accounted for using a Barologger®
and Levelogger® 4.1.0 software. Local precipitation samples were also collected in August and
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December of 2014 and May and June of 2015. All water samples were sent for δ18O and δ2H variation
analyses to the Stable Isotope Laboratory at the Environmental and Natural Resources Institute (ENRI)
at University of Alaska-Anchorage using a Piccaro water isotope analyzer.

ii.

Chronology

Ages of the cores were established by radiocarbon dating Sphagnum remains from each core. Six
AMS radiocarbon samples were dated from Sphagnum remains in core TR3. Sphagnum was pretreated
following the standard acid-alkali-acid protocol (Czernik & Goslar, 2001; Abbott & Stafford, 1996).
Radiocarbon dates were calibrated in R using the BACON v.2.2 software and the INTCAL13 dataset
(Reimer, et al., 2013). BACON calibrates the data by splitting the record into millions of vertical slices
and calculates the most likely sediment accumulation rates using the uncalibrated radiocarbon dates and
Markov Chain Monte Carlo analyses (Blaauw & Christen, 2013; R Core Team, 2013). All ages are displayed
as years before present (BP), with the present defined as AD 1950.

Table 2

Uncalibrated and calibrated radiocarbon dates from six samples of TR3.

Sample #

Depth
(cm)

Material
Dated

Raw Age
(14C BP)

Error
Range

TR3 D1 1-2
TR3 D3 43-44
TR3 D5 36-37
TR3 D7 7-8
TR3 D9 5-6
TR3 D10 47-48

32
172
266
336
434
526

Peat
Peat
Peat
Peat
Peat
Peat

140
1545
2025
2380
3075
3810

±15
±15
±15
±20
±15
±20

Calibrated Age
BP (weighted
mean)
198.7
1422.4
1979.2
2438.9
3295.5
4194.3
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iii.

Species Identification

TR3, which appeared very homogenous upon unmagnified observation, was sampled every 10
cm and bulk Sphagnum remains were placed in a small petri dish with enough distilled water to
completely submerge the peat. Between 20 and 50 leaves were placed on glass microscope slides.
Individual species were determined by leaf morphology (Laine et al., 2009) under 40x-100x
magnification. Examples are shown in Figure 4. The overall shape of the leaves as well as the shapes of
the photosynthetic cells (which cannot be determined without zooming in and out), and the placement
of pores in the leaf structure were used to determine Sphagnum species (Laine et al., 2009).

Figure 4: Sample leaf morphologies used for species identification. The top-left, top-right, bottomcenter, and bottom-right are S. fuscum. The top-center is S. magellanicum, and the bottom-left is S.
capillifolium
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iv.

Bulk Density and Loss on Ignition

Bulk density (ash free) was determined by following loss on ignition procedures. Bulk peat
samples (1 cm3) were taken from core TR3. Each core was sampled every four centimeters, weighed wet,
dried overnight at 60°C in a ThermoScientific drying oven, and weighed again dry. Samples were taken
every four centimeters to avoid error caused by long, string-like shape of the Sphagnum.The samples
were loaded into ceramic crucibles and baked for four hours at 550°C to determine organic matter
content (Boyle, 2004; Dean Jr., 1974; Heiri et al., 2001). The percent of organic carbon in each sample
was determined following LOI procedures by using the calculation shown in Eq. 1 (Ball, 1964; Chambers
et al., 2011).

% Organic Carbon = % Organic Matter/1.72

(Eq. 1)

PCAR was calculated using Eq. 2 as follows:

g
2

C flux � m � = �
yr

v.

% organic carbon
100

� ∗ sample density dry �

g

m3

m

� ∗ sedimentation rate ( )
yr

(Eq. 2)

Carbon and nitrogen isotope measurement from bulk Sphagnum

To measure the δ13C and δ15N variation, approximately 1 cm2 of bulk Sphagnum was collected at
10 cm intervals from TR3. The samples were dried overnight at 70°C in a ThermoScientific drying oven
and homogenized using a combination of mortar and pestle and razor blade. The dried and homogenized
material was weighed (approximately 3 mg for N and 0.3 mg for C) and loaded into 5x9 mm tin capsules.
All samples were sent to the ENRI Laboratory for analysis. The ratio of the percent carbon to percent
nitrogen was also determined at ENRI.
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Nitrogen isotope values (δ15N) and %N were measured using a coupled Costech Instruments
elemental analyzer and ThermoFinnigan Electron Delta Plus XP continuous flow isotope ratio mass
spectrometer. The isotope values were calibrated with internal standards. Nitrogen isotopes (and all
other isotopic values discussed in this paper) are reported in permil (‰) using delta notation which is
calculated in Eq. 3 as follows:

δHeavyXsample (‰) = (HeaveyX/LightX sample/HeavyX/LightX standard -1) x1000

(Eq. 3)

Nitrogen is measured relative to Air N2.
Carbon isotope values (δ13C) and %C were measured the using the same process as nitrogen and
calibrated with internal standards. Carbon isotope values are reported in permil (‰) relative to Vienna
PeeDee Belemnite (VPDB).

vi.

Oxygen and Hydrogen Isotope Measurement from Sphagnum α-Cellulose

Individual stem components were wet sieved and picked from bulk peat Sphagnum remains to
extract α-cellulose. The method of using cupra-ammonium solution (CUAM) to dissolve the cellulose out
of Sphagnum method was utilized following Wissel et al. (2008). As many Sphagnum stems as possible
(between approximately 75 and 100 stems) were picked from 2 cm sections of TR3, sampled every 10
cm, leaving an 8 cm distance between each sample. The stems were placed into 50 ml centrifuge tubes.
They were bleached using a solution of 7% sodium chlorite, acidified to pH 4-5 using acetic acid, and let
sit for 10 hours at 60°C (Ménot-Combes & Burns, 2001). The solution was decanted, and the stems were
rinsed three times in deionized water before being freeze-dried. The cupra-ammonium solution
([Cu(NH3)4](OH)2) was prepared by adding 15 g of copper hydroxide [Cu(OH)2] to 900 ml of 25% ammonium
hydroxide and 100 ml of deionized water. The CUAM solution was stirred for 16 hours and filtered by
centrifuging and decanting. Approximately 25 ml of CUAM was added to each sample and placed on a
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stirrer tray for 16 hours in order to dissolve the cellulose. The solution was then decanted into a new 50
ml centrifuge tube and centrifuged for 25 minutes at 4000 rpm. The solution was again decanted into a
new 50 ml centrifuge tube and 3 ml of 20% sulfuric acid was added to reprecipitate the cellulose and
filled to volume with cold deionized water. The tubes were shaken and allowed to settle for 20 minutes
before being centrifuged again for 25 minutes at 4000 rpm. The solution was decanted, leaving only the
precipitated α-cellulose. Three ml of sulfuric acid and a few drops of deionized water were added to the
cellulose to remove any residual CUAM solution. The cellulose samples were rinsed with deionized water
three times, transferred to 3 ml vials, and freeze dried.
The processed cellulose samples were sent to the University of Arizona Environmental Isotope
Lab. Oxygen isotopes were measured on a continuous-flow gas-ratio mass spectrometer (Thermo Electron
Delta PlusXL) coupled with a thermal combustion elemental analyzer (ThermoQuest Finnagan). The
samples were combusted with excess carbon at 1350°C. Oxygen isotope values (δ18O) were calibrated
with international standards IAEA601, IAEA602 and OGS. Oxygen isotope values are reported in permil
(‰) relative to VSMOW. Repeated analyses with internal standards produced results with precision of
±0.3‰ (1σ).
The δ18O values reported were those directly measured from the peat cellulose, not converted
from precipitation. That was done using Eq. 4 in which the fractionation factor of 1.0274 has been
experimentally determined from the equation determined by Yapp and Epstein (1982):

αcellulose−source =

(1000+δcellulose )

(1000+δsource water )

(Eq. 4)

The fractionation factor (α) for Sphagnum and its source has been determined to be 1.027 (Ménot-Combes
et al., 2009; Daley et al., 2010). With that information, the equation can be re-written to solve for the
δ18O value of the source water (Eq. 5):

δ18 Osource water =

�1000+δ18 Ocellulose �−(1.027∗1000)
1.027

(Eq. 5)
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Cellulose contains exchangeable hydrogen, so the samples were allowed to equilibrate with
water vapor and tracer standards of known values (swan feathers). The samples were dried with P2O5 for
a minimum of six hours. Following equilibration, δ2H was then measured following the same procedure
as δ18O. δ2H values were calibrated using the lab’s internal standards of benzoic acid (-87.6‰) and
hexatriacontane (-247‰). Hydrogen isotope values are reported in permil (‰) relative to VSMOW. The
lab determined a fractionation factor of 1.120 between water vapor and exchangeable hydrogen was
used to calculate the non-exchangeable δ2H. Repeated analyses with internal standards produced results
with precision of ±2.5‰ (1σ).

V.

Results

i.

Water Level

The Levelogger® recorded hourly water table height and water temperature from August 2014
to May 2016. TR3 showed the greatest variability in water level fluctuation, so that site was chosen for
isotopic analyses. The water level data was converted to a daily average and compared to daily
temperature and precipitation from Tartu to see how each affected the water table height. Tartu is
located approximately 75 km away from Teringi Bog but was the nearest station with daily temperature
and precipitation records. Tõrva, while closer to Teringi, did not have daily temperature and
precipitation data available. The water table rose within 24 hours following a precipitation event; it
dropped during periods of several days with no precipitation. The highest water levels occur in December
of 2014 and January of 2015 following precipitation events. The highest water temperature (15°C)
occurred in August, and the lowest (2.3°C) occurred in early March. For most of the year, the water table
is independent of air temperature except for the month of June and July, 2015, in which the water table
dropped despite several days of rainfall.
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Figure 5: Daily average water level plotted with daily precipitation (blue) and daily maximum
temperature (red) from Tartu from August 1, 2014 to May 13, 2016. Temperature and
precipitation data were retrieved from NOAA (2016).
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ii.

Water Isotopes

The δ18O values taken from Teringi Bog water plot on or near the global meteoric water line (GMWL).
The GMWL is the relationship between δ2H and δ18O values from global precipitation samples and is
defined in Eq. 6 (Craig, 1961):

δ2 H = 8 ∗ δ18 O + 10

(Eq. 6)

Samples taken during the summer have higher δ18O values (average of -9.87 ‰ VSMOW) than samples
taken during the winter which range from -9-94‰ to -18.96 ‰ VSMOW. The bog water sampled in the
summer had δ2H values -66.4‰ to -79.24‰. The bog water sampled in the winter ranged from -71.43‰
to -141.24‰. The precipitation samples collected show a large range of δ18O values. Summer values
exhibit less variability (within about 3‰ for δ18O and within about 10‰ for δ2H) and are higher than those
from the bog or any of the lakes sampled with the highest value being -0.86‰. Winter precipitation
values have much lower δ18O values than any of the other water samples. The lowest value was -15.88‰.
Values of δ2H collected from the precipitation samples varied from -21.35‰ to -76.43‰ in the summer.
Only one sample was taken locally during the winter with a value of -120.38‰. Another winter sample
with a value of -108.61‰ was collected in Tallinn (Figure 6).

iii.

Age Model

The six AMS radiocarbon ages provided the basis for the age model (Figure 7). The oldest
uncalibrated radiocarbon age is 3810 yr BP at 526 cm, and the youngest is 140 yr BP at 30 cm (Table 2).
The age model calculated a maximum age of 4214 cal yrs BP based on the maximum likelihood as
presented as the weighted mean in Table 2. There were no stratigraphic age reversals and only minor
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changes in sedimentation rate. All radiocarbon ages taken from the other Teringi cores fall within the
age-depth model calculated for TR3.

Figure 6: Meteoric water δ18O and δ2H values. Winter precipitation and bog water plot distinctly
apart and lower on both axes from summer precipitation and bog water. Bog water and
precipitation samples all plot on or near the GMWL as labeled on the figure.
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Figure 7: Age-depth model as calibrated and modelled in BACON. The green vertical line represents
the present (AD 1950). The purple marks represent the input radiocarbon dates and their error
ranges. The grey shadows represent the likelihood of the age at a particular depth. Darker shading
represents higher confidence. The red line represents the best model based on the weighted mean.

iv.

Species Identification

Sphagnum section Acutifolia was the primary section throughout the core. The dominant species
were S. fuscum and S. capillifolium (Table 3). Cuspidata was more prevalent in a few small intervals at
162 cm and 212 cm. Section Cuspidata is hydrophilic and grows in bog hollows and also on hummock
margins. The most prevalent species of Cuspidata was S. angustifolium. Some Sphagnum remnants were
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too decomposed to identify in the bottom 80 cm. Section Sphagnum was present in a few intervals
between 342 cm and 412 cm. Section Subsecunda was present in only three intervals between 132 cm
and 232 cm. In both sections Subsecunda and Sphagnum the leaves observed did not account for a
significant portion of the total sample.

Table 3
Sphagnum species identification at each sampled depth. A ‘2’ indicates a species was the most
common at that interval. A ‘1’ indicates that the species was present, but not the most common.
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v.

Carbon Accumulation Rates

The peat samples that underwent LOI procedures were shown to be 100% organic matter, within
the error of the analytical uncertainties. TR3 had carbon accumulation rates between 30 and 50 g C m-2
yr-1 from 4200 to 3000 cal yr BP. From approximately 3200 cal yr BP to 500 cal yr BP, carbon accumulation
rates show an increasing trend from approximately 35 to 80 gC m-2yr-1. The highest rates occurred
between 2500 and 1500 cal yr BP and from 800 to 500 cal yr BP. The most recent 500 years show a
decreasing trend (Figure 8).

vi.

Carbon and Nitrogen Isotopes

The ratio of carbon to nitrogen content in each of the 52 samples show no overall trend with
depth (Figure 9). This ratio is highest at approximately 2500 cal yr BP with a value near 250. The other
high point (approximately 500) near 2000 cal yr BP is likely not a true value as the nitrogen content was
an order of magnitude lower than all of the other samples which range from 30 to 300. From the oldest
samples at the beginning of the Late Holocene, there is an increasing trend toward the high value at
2500 yr. From that point forward, the C:N decreases (Figure 8).
The δ13C values show an overall increasing trend from the beginning of the Late Holocene to the
present. Values range between -28‰ and -24.5 ‰ VPDB. The lowest value is at 4000 cal yr BP and the
highest at 3000 cal yr BP. From 4200 cal yr BP to 2500 cal yr BP the increasing trend shows little variability
except for both the overall low and high values. Each is over 1‰ (lower and higher respectively) from
the neighboring points. At approximately 2500 cal yr BP, the variability between consecutive samples
increases to almost 2‰ between 2000 and 1000 cal yr BP, and shifts of 1‰ or greater are more common
than in the older half of the record. The δ13C value increases toward the modern until 114.5 cal yr BP
when values decrease from -25‰ to -27‰ (Figure 8).
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Figure 8: Plots of carbon accumulation rate, C:N, δ13C and δ15N from bulk peat, δ18O, δ2H, and dexcess from peat cellulose.
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The δ15N values also show an increasing trend from approximately 4200 cal yr BP to 500 cal yr
BP. The values ranged from -6.6‰ to 1‰ Air N2. From 4200 to approximately 3200 cal yr BP, the δ15N
values range from -4‰ to -1 ‰ with an increasing trend. Between 3200 and 2500 cal yr BP, the values
exhibit less variability, staying between -3 and -2‰. From 2500 to 1000 cal yr BP, the increasing trend
continues, and values range from -4‰ to almost 0‰. The most recent 1000 years of the record show the
greatest variability. The highest value (1.09‰) occurred around 500 cal yr BP, and one of the lowest
values of within the record (-4‰) occurred at 115 cal yr BP. The most recent 100 years show almost 3‰
variability.

vii.

Oxygen, Hydrogen, and d-excess Isotopes

The cellulose extraction process yielded 31 samples for δ18O analysis with only 10 of those from
the most recent 2000 years. The oldest sample (4200 cal yr BP) has a value of approximately -10‰
VSMOW, but by 4000 cal yr BP, the δ18O value had become much more negative (-22‰). From
approximately 3700 to 2500 cal yr BP, the δ18O values varied between -10‰ and -5‰. Between 2500 and
2200 cal yr BP, the values dropped from -5‰ to -18‰ before increasing back to approximately -5‰. From
2200 cal yr BP through the remainder of the record, the δ18O values only shift about 2‰ with no clear
trend (Figure 8).
Twenty-nine samples were analyzed for δ2H. From 4200 to 3800 cal yr BP, the δ2H values increase
from -95‰ to -70‰ VSMOW. An overall decreasing trend begins 3800 cal yr BP with values decreasing
from -70‰ to approximately -85‰ between then and 2700 cal yr BP. From 2700 to approximately 2200
cal yr BP, the values increase to the highest value of -63‰. The values then drop to -80‰ before
increasing again up to -70‰ at 1900 cal yr BP. Only 5 samples comprise the most recent 1000 years of
the record, but those samples overall decrease to as low as -90‰ with as much as 15‰ variability between
samples (Figure 8).

23
Deuterium excess was also calculated for 29 samples using the equation below (Dansgaard, 1964;
Craig and Gordon, 1965):

d excess = δD − 8 ∗ δ18 O

(Eq. 3)

From 4200 to 3800 cal yr BP, the d-excess values increase from -20‰ to 80‰ and then decrease to about
0‰. Between 3800 and 2500 cal yr BP, d-excess values ranged from -40 ‰ to approximately 0‰ with an
increasing trend. From 2500 to 2200 cal yr BP, the values reach 70‰ before returning to about -30‰.
Only six samples represent the record from 2200 cal yr BP to the most recent sample at about 500 cal yr
BP. There is no overall trend and the values during that time range from -50‰ to -20‰ (Figure 8).

VI.

Discussion

i.

Water Level

The level of the water table is changed by two processes: precipitation and evaporation. The
water level can also be lowered by evaporation over a larger area such as all of inland southern Estonia.
As evaporation increases, water input into the bog has a very short residence (less than a year in some
instances) time before it is flushed out (Morris & Waddington, 2011). As the regional water table drops,
so does the water level at the bog. The raised shape of the bog and gravity do not allow this process to
work in reverse. The water level and water temperature at TR3 was recorded hourly from August of 2014
to June of 2015. During that time, the water level changed 10 cm. The highest the water table reached
was 60 cm above the sensor. The lowest it reached was 50 cm above the sensor.
The water level rose following precipitation with the lag time of less than 24 hours from August
until May. That relationship did not hold for June of 2015. Even though two rainfall events of near or
over 1 cm occurred, the water level dropped approximately 10 cm. During this time, temperature
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reached up to 20°C. Temperatures were higher during August of 2014, but the water level did not drop
below 50 cm. There are two possible explanations for this drop. The first explanation is snow melt.
Average temperatures in Estonia remain quite cold throughout the spring which could allow for gradual
snow melt during the spring, keeping the water table high (Seppä &Poska, 2004). Tartu experienced its
last snowfall (20 mm) of 2015 on April 15 (NOAA, 2015). Temperatures stayed above freezing, so the
snow likely melted quickly. The second—and more likely—explanation is regional evaporation.
Evaporation increased throughout southern Estonia due to increased temperatures causing the water
table regionally and at Teringi to drop faster than precipitation could recharge it. Peat is not a tightly
consolidated sediment, particularly in the acrotelm and upper catotelm. In a raised bog like Teringi,
precipitation is able to flow through the bog and into the regional groundwater system within a matter
of days (Morris & Waddington, 2001; Waddington et al., 2015), as illustrated in Figure 7. If summer
evaporation was occurring at the bog itself, the summer bog water samples should have plotted lower
than the GMWL instead of on it. Further, as the water table at the bog drops, the uppermost peat decays
more rapidly. The more decay peat has undergone, the greater its ability to retain water becomes as the
permeability is decreased. In times when the water table has dropped, the precipitation that does fall
at the bog becomes less susceptible to evaporation (Waddington et al., 2015).

ii.

Meteoric Water Isotopes

The meteoric water isotopic values shown in Figure 7 show a clear seasonality. Summer
precipitation samples have much higher δ18O and δ2H values than winter precipitation samples. The
majority of precipitation in Estonia originates as vapor over the North Atlantic Ocean (Rozanski et al.,
1993). The original δ18O value at the vapor source is temperature dependent; colder (winter) waters will
produce vapor with lower δ18O values. The same relationship is true for δ2H. As that water vapor moves
inland, the vapor condenses causing rain or snow. The heavier isotope of both oxygen and hydrogen
precipitate out first as it takes more energy to keep them in the vapor phase. This process is known as
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Rayleigh distillation (Rozanski et al., 1993). Other processes that could affect the isotopic composition
of precipitation include the continental effect and the latitude effect. Neither are likely to have a large
impact as Estonia is coastal and close to sea level with no large mountains between it and the North
Atlantic, and the humidity in the region is relatively high (Seppä & Poska, 2013).
The highest monthly precipitation averages occur in the late summer or early fall months as
shown in Table 1. The higher temperatures at the source at that time of the year would lead to higher
δ18O and δ2H values during those months and lower values during the winter and spring months. The
precipitation and surface water samples collected from southern Estonia plot on or close to the GMWL
(Figure 7), indicating that there is no evaporation enriching the values (Zanazzi & Mora, 2005).

Sphagnum Mosses

iii.

Sphagnum mosses are one genus within Sphagnopsida (peat mosses) which fall within the
bryophyte division of the plant kingdom (USDA, 2016). These nonvascular plants are capable of storing
large amounts of water but their lack of roots require them to live in wet environments (USDA, 2016).
Sphagnum mosses can be subdivided further based on where different species grow in relation to the
microtopography of the wetland. Species comprising section Acutifolia live in hummocks, several
centimeters above the water table; species of section Cuspidata live much closer to the water surface
in lawns or hollows. Sections Sphagnum, Subsecunda, and Squarrosa are more variable depending on
species (Laine, et al., 2009). The peat at TR3 is made up mostly of species from sections Acutifolia and
Cuspidata.
S. fuscum (section Acutifolia) is the dominant species within TR3. Other species were found
within the core, but S. fuscum was the most common, although not at every interval. Species
identification became more difficult in the bottom meter of core as decomposition of the leaves caused
their morphologies to be indistinguishable from one another. Enough leaves were still identifiable to
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allow the relative abundances to be determined. As TR3 is homogenous throughout, it can be assumed
that species variation is not an effect on isotopic variation found within the cellulose.
When processing for cellulose, only stems were selected as many studies have shown an offset
in δ13C and δ18O between Sphagnum stems and branches (Brenninkmeijer et al., 1982; Loader et al.,
2007; Moschen et al., 2009; Loisel et al., 2010; Tillman et al., 2010). The offset can be as much as 1.5‰
for δ13C and an average of 0.9‰ for δ18O. The δ13C value was lower for stems than branches, but the δ18O
value was higher in stems (Loader et al., 2007; Moschen et al., 2009). The differences are caused by how
the different parts of the plant fractionate both isotopes in during the creation of cellulose. By picking
only the stems, we can rule out variation caused by a relative abundance of branches over stems.

iv.

Peat C:N

Ratios of percent carbon to percent nitrogen (C:N) are used as a measure of peat decomposition
in the anaerobic catotelm (Kuhry & Vitt, 1996). Carbon and nitrogen are input as decaying peat from the
acrotelm. Both are incorporated from the atmosphere into the living plant. The carbon is used by the
plant to grow, and nitrogen is retained within the plant after it dies. It is delivered to the catotelm along
with the carbon. As plant matter decays, the carbon is used up by microbes which then recirculate
nitrogen. The lowest C:N ratios should therefore be at the bottom of the peat core where conditions are
anaerobic and very little decay occurs. The most decay has presumably occurred in the oldest material
and nitrogen has had the greatest amount of time to accumulate. This trend can be altered by changes
in local climate. Dry periods will lower the water table and cause a greater amount of plant matter to
begin decaying and be input into the catotelm causing episodes of higher ratios (Booth & Jackson, 2003;
Tillman et al., 2010). The C:N measured from TR3 vary between 50 and 300 with no trend toward higher
or lower values through time. This indicates that decay rates have not varied much through time.
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v.

Nitrogen Isotopes

Nitrogen is the limiting nutrient in bogs. Sphagnum cannot grow without it; however, nitrogen is
not incorporated into cellulose, so isotopic variability must be measured from bulk peat (Malmer et al.,
1997; Asada et al., 2005). Nitrogen isotopes taken from peat have not been well studied for their use as
a paleoclimate proxy. In ombrotrophic bogs, Sphagnum takes in nitrogen directly from the atmosphere
but can also utilize nitrogen contained in waters (Asada et al. 2005) Studies that analyzed percent
nitrogen and nitrogen isotopes from other ombrotrophic bogs noted the challenges of using nitrogen
isotopes in most plants due to the multiple fractionations it undergoes. Sphagnum mosses are unique to
most bog environment plants in that they retain approximately 90% of the nitrogen deposited within the
plant and can take in multiple forms of nitrogen. Because of Sphagnum’s ability to absorb nitrogen from
different waters, either from deep bog waters or surface bog waters, nitrogen isotopes can be
interpreted as way of analyzing the depth to the water table. Hummock species are more influenced by
rainwater/surface bog water than deeper bog water, and rain water has lower δ15N values than bog
water. Therefore, hummock species should have lower values than hollow species (Melillo et al., 1989;
Malmer et al., 1997; Asada et al, 2005). During drier conditions, the water table will drop, causing the
plant to be more reliant on rain water. During wetter times, the plant can absorb nitrogen more easily
through bog water. (Novak et al., 2014; Asada et al., 2007).
Much more research needs to be done for δ15N values to be an accepted and robust indicator of
past water table depths, but the similarities between the δ15N values from TR3 and the carbon
accumulation rate at the site suggest that δ15N values may be a useful tool with further investigation.
Using δ15N values as proxy of bog surface wetness, we interpret the highest δ15N value as representative
of a wet period as Sphagnum preferentially takes in nitrogen from bog water which has higher δ15N values.
The highest carbon accumulation rate also occurs around 500 cal yr BP. If this is interpreted as a wet
period based on the δ15N values, it suggests that carbon accumulation rates are highest during wet
periods, when δ15N values are high.
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vi.

Carbon Isotopes

Carbon isotopes are considered an indicator of bog surface wetness. Sphagnum mosses lack guard
cells surrounding their stomata, so they cannot regulate their uptake of atmospheric CO2. The δ13C value
reflects the relative wetness or dryness of the plant’s environment. CO2 enters the Sphagnum leaf
through the stomata into the large and dead hyaline cells. It must then pass through a membrane between
the hyaline and photosynthetic cells before it can be utilized for photosynthesis (Moschen et al., 2009).
When the hyaline cells are filled with air, CO2 can more easily diffuse through the membrane, allowing
the plant to preferentially take the lighter isotope, which leads to lower δ13C values. When the hyaline
cells are filled with water, diffusion is more difficult. The plant cannot discriminate against the heavy
isotope as much, leading to higher δ13C values. For Sphagnum mosses, once the CO2 enters the
photosynthetic cells, the process of fixing CO2 into usable compounds produces a fractionation of
approximately -26.5‰ (Moschen et al., 2009, Ménot-Combes & Burns, 2001). The δ13C values from the
peat cellulose and the bulk peat are shown in Figure 9.
TR3 δ13C values taken from bulk peat show an increase through time. This would suggest that
conditions have become increasingly wetter. However, there are periods of variation from that trend. At
4000 cal yr BP, the bulk peat is at its lowest value, but the cellulose is not. Both records have high values
around 3000 years, but the bulk peat has its highest value at that time whereas the cellulose does not.
The cellulose has its highest point around 2200 cal yr BP followed by its lowest value at around 1900 cal
yr BP. The transitions from high to low values, interpreted as wet to dry conditions, is also seen in the
bulk peat but does not show as much range in its variability. The bulk peat shows a period of high values
from 1800 to 1100 cal yr BP with high variability before transitioning to a period of high values with lower
variability from 800 to 200 cal yr BP. The bulk peat displays a low value again at around 200 cal yr BP,
suggesting a short time of dry conditions.
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Figure 9: δ13C values from bulk peat (top) and peat cellulose (bottom). The bulk peat has
higher resolution but more uncertainty due to incorporation of an unknown fraction of
branches to stems.

The variation observed in the bulk peat cellulose is subject to uncertainty in what plant parts
were sampled. The lower resolution stem cellulose δ13C values have less uncertainty within each sample
compared to the bulk peat, but the record contains fewer than 10 data points for the most recent 2000
years. The cellulose record has better resolution between approximately 1800 and 4200 cal yr BP, but
the values are on average 1‰ lower than in the bulk peat. Both show a period of low values between
1800 and 2000 cal yr BP which indicates a dry interval. The overall trend toward higher values in the bulk
peat δ13C values suggests that wetter conditions lead to greater carbon accumulation rates as the PCAR
measured from TR3 also shows an increasing trend.
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vii.

Oxygen Isotopes in Cellulose

Oxygen isotopic variation in Sphagnum moss cellulose is controlled by several factors: the isotopic
composition of the source water, the fractionation associated with the biologic processes involved in
making cellulose, and evaporation are the three most important (Moschen et al., 2009; Tillman et al.,
2010). We can account for biologic fractionation by identifying moss species and sampling only stems.
Moss cellulose has a fractionation of approximately 27‰ from the source water (Moschen et al., 2009;
Tillman et al., 2010). The composition of the source water is dependent on temperature at the source
of the vapor. Evaporation from the Sphagnum leaves can cause the cellulose to have higher δ18O values.
During evaporation, the lighter isotope is preferably evaporated in relation to the lighter isotope as it
takes less energy to convert the lighter isotope from the liquid phase to the gas phase (Dansgaard, 1964;
Rozanski, 1993).
Relative humidity (RH) can affect the δ18O value of moss cellulose depending on the microhabitat
of the moss. Hummock species live an average of 10 centimeters above the water table which is enough
of a vertical change to lower the RH compared to hollow species (Ménot-Combes et al., 2002). The lower
RH allows water to be more easily evaporated from Sphagnum leaves in hummock species like S. fuscum.
Sphagnum leaves are more prone to evaporation, but hummock species store most of their water in their
branches and stems as a means to resist desiccation during dry periods (Rice, 2000). Because Sphagnum
mosses receive their moisture directly from precipitation, hummock species have higher δ18O values than
hollow species than those of hollow species (Ménot-Combes et al., 2002; Moschen et al., 2009; Tillman
et al., 2010). However, evaporation can only cause a limited amount of enrichment as Sphagnum mosses
will stop photosynthesizing if conditions become so dry that water availability becomes limited (MénotCombes et al., 2002). Cellulose δ18O data from TR3 is from hummock species and, with the exception of
two intervals around 4000 and 2200 cal yr BP, averages approximately -6‰. Summer precipitation and
cellulose water-equivalent δ18O values are of approximately the same value, indicating that the moss is
receiving its water directly from precipitation as we would expect, and the δ18O in cellulose is recording
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changes in precipitation source during the growing season. Neither summer bog water nor summer
precipitation show an evaporative component (Figure 6).
Variation in δ18O values from TR3 is likely reduced by the small number of samples. Only ten
samples comprise the most recent 2000 years of the record and none of those samples are lower than
the average precipitation δ18O value. The latter 2200 years show greater variability. The two intervals
with very low values (-17‰ between 2200 and 2000 cal yr BP and -22‰ between 4200 and 3800 cal yr BP)
are interpreted as periods of greater relative amounts of winter precipitation. Changes in source
temperature can affect δ18O values by about 0.6‰ per °C (Kim & O’Neil, 1997).
Northern Europe has only experienced a temperature change of about 2.5°C throughout the Late
Holocene, which is not enough to explain the variation in δ18O values in this record. Studies from Estonia
and southern Finland have shown a cooling trend for the region for the past 4000 years. Reconstructions
of mean annual temperature and mean July temperatures using pollen assemblages collected from lake
sediments show that temperatures have decreased from approximately 4000 years to approximately 800
cal yr BP (Figure 10) (Seppä & Birks, 2001; Seppä & Poska, 2003). Even accounting for the periods
experiencing increases in temperature, such as those from 3800 to 2800 cal yr BP, 2200 to 1900 cal yr
BP, and 800 to 200 cal yr BP, both mean annual and mean July temperature have experienced an overall
cooling and are now cooler than they were 4000 years ago. Increased precipitation can explain such large
deviations from the average cellulose δ18O values, and we infer that this precipitation is in the form of
increased relative winter precipitation when compared to the meteoric water samples. Summer
precipitation and surface waters range from -10‰ to -5‰ whereas winter precipitation and surface
waters range from -20‰ to -12‰. The bog waters plot on the GMWL, so evaporation of the bog water is
not a factor as evaporation would cause the bog water to plot below the GMWL. This was corroborated
by comparing the cellulose δ18O values to carbonate δ18O values of two nearby lakes: Nuudsaku, an open
basin, and Pangodi, a closed basin as shown in Figure 11 (Fortney, 2016).
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Figure 10: Mean annual temperature reconstruction from Flarken Lake, Sweden using pollen analyzed from radiocarbon dated lake sediments
(Seppä & Poska, 2001).
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Figure 11: δ18O values taken from peat cellulose at Teringi and lake sediment carbonates at Nuudsaku
and Pangodi (Fortney, 2016).

The δ18O values at Teringi show much greater variability than either lake record as expected.
Because Nuudsaku is an open basin, the δ18O value from precipitation is lessened by other signals such
as groundwater input and stream input. The different residence times of the different source waters
create a situation in which there is less variability in the δ18O values. Pangodi is a closed basin lake which
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means there is no mixing of different water inputs, but summer evaporation has an impact on the record.
Evaporation preferentially incorporates the lighter isotope leading to overall higher values seen in the
Pangodi record. That Teringi does not correspond well to either record makes it a strong proxy for
precipitation source change. Evaporation is not occurring at the bog, and its only input is precipitation.

viii.

Hydrogen Isotopes in Cellulose

The δ2H values taken from the peat cellulose show more variability between 2000 and 4000 cal
yr BP, but as with δ18O and δ13C values, there are very few data points for the most recent 2000 years.
The lowest values occur at the oldest sample, approximately 4200 cal yr BP. The δ2H values taken from
peat cellulose have a higher degree of error associated with them than other isotopes because up to
30% of the hydrogen atoms in cellulose are exchangeable at high temperatures (150°C). At lower
temperatures (20-30°C), only ≤10% is exchangeable (Brenninkmeijer et al., 1982; Schimmelman et al.,
1993). Although advances have been made to better determine exactly what percent of δ2H is
exchangeable, it is still difficult to calculate with certainty. By allowing the samples to equilibrate with
vapor of a known isotopic composition and comparing the results to bird feathers equilibrating with the
same vapor, the percent calculated should be consistent throughout all samples (Fan & Dettman,
2014). Because the percent of exchangeable hydrogen is consistent, other factors must be causing the
variability seen in the record. Hydrogen fractionates similarly to oxygen in that the heavier isotope will
rain out first (Rozanski et al., 1993). Lower values indicate more northerly source waters or colder
temperatures at the source, and from about 3800 years to the most modern sample, δ2H values from
TR3 show a decreasing trend. The variation over that period extends to around 35‰. The decreasing
trend indicates that more precipitation is coming from more northerly sources or from winter
precipitation.
Another possible cause of δ2H variation in the peat cellulose is the influence of methanogenesis
occurring in the bog water. At each site, water samples were analyzed for methane concentration and
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bog water δ2H as shown in Table 4. If methanogenesis was affecting the δ2H values, we would expect to
see those values increase as methane concentration increased. As the methane concentration decreases
from as high as 171 ppb to as low as 2.0 ppb, the total change in the δ2H values was no more than 3‰.
If methane was affecting the δ2H variability, we would expect to see a much greater range in δ2H values.
The cellulose δ2H values display far greater variability than the bog surface waters, so we can infer that
the δ2H values analyzed from the cellulose are responding principally to changes in the precipitation
source vapor.

Table 4
Methane concentrations and δ2H values at each site at Teringi Bog.

ix.

Deuterium Excess in Cellulose

Deuterium excess from peat cellulose is not a well utilized proxy for paleoclimate reconstruction.
It is a calculation based on δ18O and δ2H rather than a direct measurement and is based on the global
meteoric water line (Epstein et al., 1976; Rozanski, 1985). D-excess can be considered a more robust
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proxy for precipitation changes (Klein et al., 2016) in that it accounts for both changes in the δ18O and
δ2H values. Because δ2H is more sensitive to changes in temperature at the source than δ18O due to the
greater mass difference between hydrogen isotopes (Dansgaard, 1964), combining the two keeps the δ18O
signal from being overwhelmed by the δ2H signal.
This relationship is seen in the isotopic variation from Teringi peat cellulose. The d-excess is
interpreted as indicating the source of the precipitation much like the δ18O, but whereas lower δ18O
values could indicate a colder vapor source or a greater relative abundance of winter/summer
precipitation, higher d-excess values indicate a colder vapor source or a more arid vapor source. Average
isotopic values of monthly precipitation from across northern Europe have been collected over the past
decades and compiled as a way of tracking precipitation sources and are shown in Figure 12 (IAEA, 2001).
Teringi d-excess values are highest between 4200 and 3800 cal yr BP and between 2500 and 2200 cal yr
BP, which we have interpreted as representative of a greater relative abundance of winter to summer
precipitation during those periods.

Figure 12: Average January and July δ18O, δ2H, and d-excess for northern Europe. Estonia is located
within the box on each map. Cooler colors indicate lower values. Estonia receives precipitation with
lower δ18O and δ2H values during the winter (modified from IAEA, 2001).
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Relative humidity/aridity at the source of the vapor can also affect the δ2H values. More humid
sources correspond to lower d-excess values while higher d-excess values correspond to more arid
sources. As most of Estonia’s precipitation is sourced from the North Atlantic, this could be interpreted
as reflective of the amount of open water (humid) and sea ice (arid) (Klein et al., 2015). The δ2H values
recorded in peat cellulose could therefore provide insight into the extent of sea ice in the North Atlantic
through time (Rigor & Wallace, 2004). For example, the period of high d-excess between 4200 and 3700
years corresponds to a cooling trend from about 6700 to 3700 cal yr BP in which there would have been
increased sea ice (Bond et al., 2001; Moros et al., 2014). From about 3700 to 2000 cal yr BP, the North
Atlantic became warmer which led to decreased sea ice and decreased d-excess values as seen at Teringi
(Bond et al., 2001; Moros et al., 2014).

x.

PCAR

TR3 has been increasing in carbon accumulation from approximately 3000 to 500 cal yr BP with
values from approximately 30 to 80 gC m-2 yr-1. These values are very high for PCAR as most studies show
carbon accumulation rates in northern peat bogs between 10 and 40 gC m-2 yr-1 (Ovenden, 1990; Korhola
et al., 1995; Borren et al., 2004; Roulet et al., 2007). Canadian bogs show rates of 10-30 gC m-2 yr-1
(Ovenden, 1990); whereas, rates from bogs throughout northern Europe are between 20-40 gC m-2 yr-1,
but studies have shown some bogs to have periods when the carbon accumulation rates exceed 70 gC m2

yr-1. Summer-only PCAR values can be higher as summer is the growing season (Roulet et al., 2007).

Teringi’s unusually high accumulation rates may be the result of a very high sedimentation rate.
Using the isotopic data measured from this site, we interpret the increase in carbon accumulation
to be a product of increased precipitation as determined by increased in δ13C and δ15N values. The trends,
highs, and lows in the carbon accumulation plot best correspond to those in δ15N plot (Figure 9), but not
enough is known about this system in the context of peat-based climate reconstruction to make any hard
conclusions. From the isotopic data gathered from TR3, a simple model of the drivers of carbon
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accumulation rates at Teringi Bog can be used as a guide for interpreting increases in carbon
accumulation rates (Figure 13).

xi.

NAO

The NAO has been in the positive phase more than the negative phase throughout the Late
Holocene. As such, Estonia has experienced warmer and wetter winters than throughout much of the
Middle and Early Holocene (Jaagus, 2006; Jaagus & Mändla, 2014). Presently, Estonia experiences warmer
and wetter winters during the positive phase of the NAO. If we assume that relationship was also true
for the rest of the Late Holocene, we would expect to see times of increased wetness (high δ13C values)
and increased carbon accumulation during positive phases of the NAO (Figure 14).
Comparing the results of carbon accumulation rates at Teringi with reconstructions of the NAO
does not produce a conclusive pattern over the entire record. Between 4000 and approximately 1500 cal
yr BP, when the NAO is in its positive phase, carbon accumulation rates are high. During that same time,
when the NAO is in its negative phase, carbon accumulation rates are low. From 1500 cal yr BP to the
present, there does not appear to be a relationship between the two. The highest periods of carbon
accumulation occur when the NAO is at its most negative.
A clearer relationship exists between δ13C values and the NAO Index. As higher δ13C values
indicate relatively wetter conditions at the bog, and the NAO causes more winter precipitation in the
positive phase, we would expect to see higher δ13C values during the positive phase of the NAO. Between
4000 and 3000 cal yr BP, highest δ13C values align with the most positive phase of the NAO. The lowest
δ13C values correspond with slightly positive phases of the NAO. The lowest δ13C value during that time
occurs when the NAO is slightly negative. Between 3000 and 2000 cal yr BP, the NAO is more often in the
negative phase, and the δ13C values show a decreasing trend. The variation seen in δ13C values between
approximately 2000 to 1500 cal yr BP also aligns well with the NAO, but the most recent 500 years of the
record shows high δ13C values during the most negative phases of the NAO.
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Figure 13: A conceptual model of the controls on increased carbon accumulation rates. A decrease in
δ18O is interpreted as greater relative abundance of winter/summer precipitation. Increases in δ13C and
δ15N are interpreted as increased bog wetness. When conditions are wetter, particularly when more of
that precipitation is coming in the winter, carbon accumulation rates increase.
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Figure 14: Top: carbon accumulation rates. Middle: δ13C values from bulk peat. Bottom: NAO
reconstruction from Trouet et al., 2009 and Olsen et al., 2012.

Comparing δ13C and δ15N values from Teringi to the δ18O record of Lake Nuudsaku (Fortney, 2016),
as shown in Figure 15, presents a more complete picture of how precipitation has changed throughout
the Late Holocene. The Nuudsaku record is interpreted as lower values representing times of increased
relative winter/summer precipitation (Leng & Marshall, 2004). Both δ13C and δ15N show an increasing
trend from 3000 to 500 cal yr BP indicating increased bog wetness and greater precipitation, and the
δ18O values show a decreasing trend, indicating more winter precipitation. The δ13C and δ15N values from
Teringi show the changes in overall wetness in southern Estonia, and the δ18O values show the relative
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abundance of winter/summer precipitation. Combined, these records suggest that conditions were
overall wetter at Teringi Bog at times of increased winter precipitation.
Other modes of variability, such as the Arctic Oscillation (AO), also affect climate in this region.
These other modes of variability could be causing the deviations from how we would expect the NAO and
carbon accumulation rates to relate to each other (Jaagus, 2006; Jaagus &Mändla, 2014). Summer
evaporation is likely to have an effect on carbon accumulation rates as it causes a drop in the water
level, allowing for increased peat decomposition instead of accumulation, but more research is needed
to better understand how that fits into this record.

Figure 15: Comparison of bulk peat δ13C and δ15N from Teringi Bog and lacustrine carbonate δ18O from
Lake Nuudsaku (Fortney, 2016).
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VII.

Conclusions and Future Work

Peat from Teringi Bog can be used to reconstruct climate variations throughout the Late
Holocene. Carbon accumulation rates at Teringi Bog show an increasing trend throughout the Late
Holocene with the highest values occurring the most recent 1000 years. The increase in carbon
accumulation was partially controlled by increases in bog wetness as determined by δ13C and δ15N. The
positive phase of the NAO causes Estonia to experience warmer and wetter winters, so we expected to
see the wettest conditions and highest carbon accumulation rates during the most positive phases of the
NAO Index. This hypothesis did not prove correct as the highest carbon accumulation rates occurred when
the NAO Index was at its most negative. However, it is possible that the NAO has not always had the
same effects on climate in the region as it does currently.
Seasonal climate changes also affect carbon accumulation rates. The δ18O values taken from the
peat cellulose show two periods of increased winter precipitation between 4200 and 3800 cal yr BP and
between 2200 and 2000 cal yr BP. The interval from 4200 to 3800 cal yr BP does not correspond to overall
wetter conditions as indicated by δ13C and δ15N values, but it does correspond to the Nuudsaku record
which also indicates more winter precipitation. The Teringi δ18O values from the interval beginning at
2200 cal yr BP correspond to wetter conditions and higher carbon accumulation rates but do not
correspond to the Nuudsaku record. The δ18O resolution of the most recent 2000 years is too coarse to
make any firm conclusions. Lower δ18O values indicate more winter precipitation, but do not directly
lead to higher carbon accumulation rates unless overall conditions are wetter. Further investigation is
needed to determine the relationships between increases in winter precipitation, annual precipitation
amounts, and summer evaporation, but water levels from Teringi show that the water level does
experience a drop during the summer months.
Deuterium excess and δ15N are new proxies for peat-based climate reconstructions but could be
useful tools with more research into what these proxies are recording. In addition to better understanding
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these proxies, more data regarding summer evaporation and its effects on carbon accumulation are
needed to better understand the physical processes governing carbon accumulation rates at Teringi Bog.
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